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ABSTRACT 
The performance of dye-sensitized solar cells (DSC) based on the TiO2 film composed of 3 nm particles and mixtures of 
3 nm and 400 nm or 25 nm particles synthesized by spray pyrolysis deposition has been investigated. An energy 
conversion efficiency of 8.44% (under the illumination of 100 mW/cm2, AM 1.5) has been achieved with the DSC based 
on the nanocrystalline TiO2 film consisting of 3 nm and 25 nm particles with a ratio of 3:4 by weight. The maximum 
incident photo-to-current conversion efficiency (IPCE) of the cell is 0.91, which is much higher than the maximum IPCE 
of the photoelectrode composed of either only 3 nm or the mixture of 3 nm and 400 nm particles (with the same ratio by 
weight) over the visible spectrum. SEM images show the formation of clusters in the TiO2 film containing 25 nm 
particles. It is proposed that the clusters are responsible for the high IPCE by increasing the light harvesting efficiency 
through enhanced light scattering and facilitating the electron transport of the DSC. 
 
Keywords:  Dye-sensitized solar cells, Light scattering effect, Photovoltaic performance, Incident photo-to-current 
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1. INTRODUCTION 
   Dye-sensitized solar cells (DSC) have attracted much attention from the scientific and commercial community 
due to the low production cost and high energy conversion efficiency 1,2. A typical DSC is composed of three 
components: a nanocrystalline TiO2 film covered with a monolayer of sensitizer, a counter electrode with platinum, 
and an electrolyte based on the redox couple I-/I3-. Of the three components, the nanocrystalline TiO2 film is 
considered to be the heart of the device 3. Different methods such as doctor-blade 2,4, dip-coating 5,6, sputter 
deposition 7,8, as well as recently developed screen printing 9,10 and spray pyrolysis deposition (SPD) technique 11-13 
have been developed to synthesize the TiO2 film. From the practical application point of view, SPD is one of the 
most efficient methods due to the simplicity of the apparatus to be handled and a good reproducibility of the film. 
In order to improve the performance of DSC, an increase of the light harvesting efficiency of the photoactive 
electrode is desirable. It has been reported that the titania particles with a large index of refraction enhance the light 
absorption of the photoactive electrode of DSC because of strong light scattering 14. However, the effective surface 
area of TiO2 film will decrease proportionally with large particles. Many studies have been carried out to find the 
optimum relationship between large surface area and efficient light scattering of the nanocrystalline film based on 
computer simulations or experimental results 15-21. In most cases, 20-25 nm sized TiO2 particles have been  
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employed as the main components of the TiO2 film. Different views on the optimization of the size of the TiO2 
particle for efficient light scattering have also been reported. For example, Ferber et al. have reported that the 
addition of particles of 125–150 nm to the smaller particles of the TiO2 film will provide the best light scattering 
efficiency and that the light scattering of small particles of 10-25 nm is negligible 15. Hore et al. have shown that 
the mixture of TiO2-rutile and ZrO2 with the particle size of 500-1000 nm can dramatically improve the light 
harvesting efficiency of the transparent photoelectrode in the red spectral region 17. Recently, Chiba et al. have 
reported that increasing the haze of photoelectrode by embedding 400 nm particles into TiO2 films consisting 
mainly of 25 nm particles can significantly increase the incident photo-to-current conversion efficiency (IPCE) of 
the DSC over the spectral range between 400-850 nm when using the black dye as sensitizer 18. Nevertheless, 
Usami  has reported that a cluster of small particles (particle size <100 nm) has more advantages than a large 
particle because the former possesses the merits of both symmetrical scattering of a small particle and high 
scattering efficiency of a large particle 19. A 10% energy conversion efficiency has been reported by employing 
multilayer structured TiO2 film composed of 50 nm and 100 nm light scattering particles 20. In this paper, 3 nm 
sized TiO2 particles deposited by the SPD technique are employed to form the TiO2 electrode for DSC. The use of 
such small particles is expected to increase the surface area of the titania photoanode and the dye loading, but may 
also be expected to affect the light absorption and electron transport in the anode. The effect of the addition of 
larger TiO2 particles into the 3 nm particle TiO2 film on the performance of corresponding DSC is investigated. 
 
2. EXPERIMENTAL AND METHODS  
 2.1. Preparation of Nanocrystalline TiO2 Film 
The preparation of nanocrystalline TiO2 has been reported previously 22. Briefly, a commercial product of TiO2-sol 
suspension (20 ml, 3 nm average TiO2 particle size, TAYCA) was mixed with additives including acetic acid (5.5 
ml, 99%, Wako) and Triton X-100 (0.13 ml, 99%, Wako) under sonication. Large TiO2 particles (0.6 g) with sizes 
of either 400 nm (anatase, 99%, Wako) or 25 nm (P25, Degussa) were mixed with the above TiO2 colloid to form 
the source solution for the preparation of the TiO2 film by SPD technique. Figure 1 illustrates a schematic of the 
SPD setup. The source solution was sprayed through a nozzle under compressed air onto a FTO conducting glass 
substrate (10 Ω/square) at a temperature of 150 °C. The mist was pyrolyzed on the substrate to form the TiO2 film. 
Since the mist cooled the substrate, the spray was pulsed to ensure that the temperature of the substrate did not fall 
significantly. The volume of the source solution for each spray pulse was 0.25 ml and each spray process lasted 0.5 
s. The same spray procedures were carried out repeatedly until a 10 μm of TiO2 film was formed. Finally, the film 
was sintered at 500 °C for 30 minutes to remove remaining organic materials. For simplicity, the TiO2 film 
composed of only 3 nm particles is called Film A, and the TiO2 film containing 400 nm and 25 nm particles are 
referred to Film B and Film C respectively. 
 
 
Fig. 1. Schematic setup for spraying pyrolysis deposition (SPD). 
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 2.2.  Fabrication of DSC      
   In order to remove the moisture in the pores, the TiO2 film was dried at 150°C for 15 minutes before being 
immersed overnight into a dye ethanol solution containing cis-bis(thiocyanate)-N,N’-bis(4,4’-dicarboxylate–2,2’-
bipyridine)-ruthenium(II) di(tetrabutylammonium) (N719, Solaronix) at the concentration of 3 ×10-4 M. The dyed 
TiO2 film was rinsed with absolute ethanol to remove the excess dye adsorbed on the TiO2 nanoparticles before 
being assembled into a DSC. A sputtered platinum electrode and an electrolyte solution with the composition of 0.1 
M LiI, 0.05 M I2, 0.5 M tert-butylpyridine and 0.6 M dimethylpropylimidazolium iodide in methoxyacetonitrile 
were employed to fabricate the DSC with the sandwich structure of dyed TiO2/electrolyte/Pt electrode. 
 
 2.3. Characterization 
  The photocurrent-photovoltage parameters of the cells were recorded by a calibrated solar light evaluation system 
(JASCO, CEP-25BX) under the illumination of 1000 W/m2 (AM1.5). The absorption spectra of dyed films were 
measured by a CDI (LEO-PDA/380-1100) optical spectrograph. The dye loading of the photoactive electrode was 
determined by desorbing the dye from the TiO2 film into an aqueous solution of NaOH with pH 12 and measuring 
its absorption spectrum by a UV-visible spectrophotometer (Shimadzu 3100). The morphology of the TiO2 film 
was observed using a scanning electron microscope (JOEL-6320F). 
 
3. RESULTS AND DISCUSSION 
3.1.     I-V characteristics 
 
 
       
                                             (a)                                                        (b) 
 
 
 
                                                                                      (c) 
Fig. 2.  J-V curve and incident photo-to-current conversion efficiency (IPCE) as a function of the wavelength in the range between 800 
- 300 nm (Inset) of the DSC based on the TiO2 film composed of only 3 nm particles (a) and the mixture of 3 nm and 400 nm (b) and 
the mixture of 3 nm and 25 nm (c) sized TiO2 particles under the irradiance of 100 mW/cm2 (AM 1.5). Active cell area: 0.25 cm2. 
   Fig. 2 shows the photocurrent density (J) - photovoltage (V) characteristics of the DSC based on Film A (a), Film 
B (b) and Film C (c). The inset in each figure illustrates the incident photo-to-current conversion efficiency (IPCE) 
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of the cell as a function of wavelength in the spectral range from 300 to 800 nm. For comparison, the performance 
parameters such as the short-circuit photocurrent density (Jsc), open circuit photovoltage (Voc), fill factor (FF), the 
light-to-electrical conversion efficiency (η), the dye-loading and the maximum IPCE of the three types of DSC are 
listed in Table 1.   
Film A is transparent, which is expected due to the extremely small particles, whereas Film B and C are opaque, 
indicating that the presence of the larger added particles is leading to increased light scattering, and we might 
therefore expect increased light harvesting efficiency in these films. 
 
 
 Table 1. Performance parameters of DSC based on TiO2 film with different compositions 
Sample Compositions of  TiO2 film Dye loading 
(×107mol/cm2) 
Jsc (mA/cm2) Voc 
(V) 
FF η (%) Max. 
IPCE 
Film A 3 nm (100 wt%)   5.6 14.8 0.71 0.64 6.73 0.68 
Film B 3 nm + 400 nm (3:4, w/w) 2.42 14.6 0.77 0.7 7.85 0.71 
Film C 3 nm + 25 nm (3:4, w/w) 2.80 17.0 0.73 0.68 8.44 0.91 
 
   As can be seen from Table 1, the concentration of the dye adsorbed by the TiO2 film directly depends on the particle 
size. The smaller the particles in the TiO2 film, the more dye molecules are adsorbed.  It is observed that the Jsc of Film 
A (14.8 mA/cm2) is almost identical to Film B (14.6 mA/cm2), but much lower than Film C (17.0 mA/cm2). Nevertheless, 
the energy conversion efficiency of Film B is 1.1% higher than that of Film A owing to an increase in both the open-
circuit voltage and fill-factor. Compared with Film A and Film B, Film C produces the highest energy conversion 
efficiency of 8.44%, benefiting from the enhancement of the Jsc. Since the Jsc of a DSC is proportional to IPCE according 
to the theoretical equation 1 23 : 
 
Jsc = ∫ eF(λ) [1- r (λ)] IPCE(λ) dλ      [1]     
                                                  
where e is electron charge, F(λ) is incident photon flux density at wavelength λ, r(λ) is incident light loss due to 
absorption and reflection of the incident light by the substrate glass. 
 
3.2. IPCE characteristics 
The graphs of the photocurrent action spectra for the DSC are compared in Fig. 3. It is observed in Fig.3 that the 
IPCE for Film C is higher across the entire visible spectral range than the IPCE of Film A or B, and the maximum 
IPCE for Film C is 0.91, whereas the maximum IPCE is 0.68 for Film A and 0.71 for Film B respectively. The 
IPCE for Film C is probably close to 100% when light loss by reflection and absorption of the conducting glass 
substrate is taken into account. The IPCE for Film B (3 nm + 400 nm particles) shows no significant change from 
the pure 3 nm film though the quantities of dye molecules adsorbed by the former is much lower than the latter, 
suggesting that the decrease in surface area and dye loading in Film B offset any benefits due to increased light 
scattering in the titania film.  Above 643 nm, the IPCE for Film A is higher than for both Film B and Film C. This 
phenomenon is different from the common view which assumes that large particles in the TiO2 film enhance the 
light absorption of the DSC, particularly at longer wavelengths, through scattering light. 
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Fig. 3.  Comparison of incident photo-to-current conversion efficiency (IPCE) of the DSC based on the TiO2 film consisting of only 3 
nm particles (curve A) and the mixture of 3 nm and 400 nm anatase (curve B) and the mixture of 3 nm and 25 nm (curve C) TiO2 
particles as a function of wavelength in the spectral range of 800 – 300 nm. 
 
 
    It is known that IPCE of a DSC is a combined result of the light harvesting efficiency and electron-transfer yield 
consisting of the quantum yield of charge injection and the electron collecting efficiency in the external circuit. Addition 
of large particles into 3 nm particles of TiO2 film can influence the electrical contact between TiO2 particles through 
affecting the porosity and pore size distribution, thus the electron-transfer yield in the TiO2 film is affected. It has been 
reported that increase of the porosity of TiO2 film results in the decrease of IPCE due to the reduced electron transport 
and low electron collection efficiency by the current collector 24,25 . The decreased electron-transfer yield of a DSC with 
increasing size of scattering particles in the TiO2 electrode has been observed by theoretical calculations. A nearly 100% 
electron-transfer yield for the transparent film consisting of small particles has been suggested 23. A higher electron-
transfer yield is thus expected for Film A. However, due to the much higher dye-loadings of Film A, more electrons are 
generated in the photoanode under illumination, thus the back reaction of electrons at the surface of TiO2 particles with 
oxidized species such as I3- in the electrolyte increases 2, leading to the reduced electron collection efficiency and IPCE. 
The increased back reactions are also indicated by the lowest Voc for Film A among the DSC investigated in the work.  
The light harvesting efficiency is related to the concentration of dye adsorbed by the titania photoelectrode and the 
optical path length within the film. The optical path length for Film A is low due to the high tansmission of the film. It is 
observed that the content of the dye-loading for Film A is the highest (5.60 ×10-7 mol/cm2), compared to Film C (2.80 
×10-7 mol/cm2) and Film B (2.42 ×10-7 mol/cm2).  This is consistent with the sequence of the observed values of IPCE in 
the longer wavelength spectral region. This suggests that the differences in the concentration of dye adsorbed by the TiO2 
electrode are mainly responsible for the variation of the IPCE at longer wavelength.  
 
   The IPCE of Film C is 20-40% higher than that of Film A and Film B over the spectral region below 643 nm. 
However, the concentration of the dye-loading of Film C is only about 14% higher than that of Film B and 50% 
lower than the dye loading of Film A, as shown in Table 1. Compared with film A, the higher IPCE of film C 
should benefit from the light scattering effect of the opaque film and the efficient electron transport through 
reducing the back reaction in the DSC. For Film B and Film C, the small difference in the dye loading in both films 
compared to the variations in IPCE cannot explain the significant increase in IPCE for Film C. Two possible 
reasons may explain this phenomenon. One is the lower electron-transfer yield in Film B than Film C because of 
the mismatch of the sizes of the large particle (400 nm) and the small particle (3 nm) in Film B, leading to the poor 
electrical connecting between partilces. This proposal is confirmed by the following SEM investigation. Another 
factor contributing to the high IPCE of Film C arises from the higher light harvesting efficiency of the film, 
probably caused by the enhanced light scattering and higher dye loadings in the titania layer. Film C is composed 
of a mixture of 3 nm and 25 nm TiO2 particles. Theoretically, neither 25 nm nor 3 nm particle has light scattering 
effect due to the small particle size compared to the wavelength of light. During sintering, however, separate TiO2 
particles can fuse into larger particles, or clusters of particles, which may provide efficient light scattering. 
 
For SPIE BioMEMS and Nanotechnology III                                                             H.Wang et al  
 - 6 - 
3.3.  SEM Morphology 
Fig. 4 illustrates the morphology of Film B (Fig. 4(a)) and Film C (Fig. 4(b)) obtained using scanning electron 
microscopy. It can be seen that large particles (about 400 nm) are clearly visible in Fig. 4(a), whereas in Fig. 4(b) 
only homogenous mesosporous pores are distinguishable from the clusters of particles (ca. 100 nm or less). Usami 
has reported that the scattering efficiency of the cluster of small particles is 1.5 times higher than that of separate 
particle and the symmetrical scattering of the small particles also contributes to the performance of DSC 19. 
 
 
 
Fig. 4.  SEM of the TiO2 film composed of the mixture of 3 nm and 400 nm (a) and 3 nm and 25 nm (b) TiO2 particles. 
 
 
   The SEM evidence suggests that in Film C there are homogeneous clusters formed which consist of 25 nm sized 
TiO2 particles over which are aggregated 3 nm particles, and that these clusters, with higher scattering efficiency 
and more efficient electron-transport property than the original 3 nm particles 19, give rise to enhanced IPCE and Jsc 
in the titania film. For the film containing 400 nm sized scattering particles, however, there is little evidence of the 
formation of aggregate clusters, probably due to the large size mismatch between the 3 nm and 400 nm particles. 
The separation of the large particles (400 nm) and the 3 nm particles indicates a poor electrical necking between 
particles. Moreover, the back-scattering of the 400 nm particles embedded on the substrate may be reducing the 
effect of the light scattering of the large particles contributing to the enhancement of IPCE 15. 
   It is worthwhile to note that the formation of the clusters of small particles in the TiO2 electrode is probably 
related to the preparation method. In the current work, SPD was employed to synthesize the TiO2 nanocrystalline 
film. We propose that the nanoparticles connected with each other rapidly by forming clusters when the source 
solution containing the TiO2 particles was sprayed on the hot substrate. 
4. CONCLUSIONS  
   It has been observed that the DSC device based on a TiO2 film composed of 3 nm particles with 25 nm particles 
shows a significant enhancement of the IPCE over a film without added large particles, and over a film with 400 
nm particles.  The film with 25 nm particles has a maximum IPCE close to 1, when the light loss from the  
reflectance of glass substrate is taken into considered.  The increase of IPCE for the film with 25 nm particles is 
attributed to the enhancement of the light harvesting efficiency and efficient electron-transfer yield from the 
nanoclusters formed in this film. 
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